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Introduction
Transparent conductive oxides (TCOs) are important materials within optical physics and engineering [1] [2] [3] . Among them, indium tin oxide is the most investigated and implemented compound [4] . However, it has disadvantages including toxicity and the cost of indium. Recent development on alternative TCOs has revealed that Al-doped ZnO (AZO) can become a promising replacement [5] [6] [7] [8] [9] [10] . Additionally, AZO has peculiar optical properties, e.g. plasmonic response in the near and mid-infrared (mid-IR) region [11] [12] [13] and tunability by adjusting the doping level. This makes AZO an advantageous and promising alternative plasmonic material, having a wide range of tunable optical and electrical properties.
A variety of deposition methods exist for the preparation of AZO. These include RF magnetron sputtering [10] , chemical vapor deposition [14] , chemical spray pyrolysis [15] , pulsed laser deposition [16, 17] and atomic layer deposition (ALD) [5] [6] [7] [8] [9] . Specifically, ALD technology is important since it is the only technique allowing conformal and uniform deposition of both metallic and dielectric layers on surfaces with advanced topologies, such as pores, trenches, holes, etc [18] . ALD also presents advantages such as low-temperature growth, precise thickness and composition control. For these reasons, ALD grown AZO films have been heavily studied in the last decade for their physical properties.
Plasmonics in the mid-IR regime offers various unique applications such as thermal imaging and biosensing applications [19, 20] . Especially, mid-IR spectroscopy in the wavelength range of 2.5-20 μm (4,000 cm −1 to 500 cm −1 ) provides specific chemical and compositional information in the gas, liquid, and solid phases owing to molecules vibrational and rotational absorption bands, thus enabling a wide variety of sensing applications in industrial production monitoring, materials science, biotechnology, detection of toxic gases and liquids, environmental analysis, medicine, and medical diagnostics [21] . Traditionally, noble metals are used as plasmonic materials due to their abundant free electrons in the conductance band. However, their large permittivity, especially in the infrared range, results in high loss and weak confinement to the surface. Therefore, the quest for alternative materials suitable for a certain wavelength range in the vast mid-IR region has been the focus of research in last several years. Consequently, various plasmonic alternatives have been investigated: transparent conductive oxides [22, 23] , heavily doped III-V semiconductors [24] [25] [26] , polar materials [27] , 2D materials (graphene, hBN, etc.) [28] . Each group of alternatives has its own preferential operating wavelength regime due to the available free carrier concentrations and mobilities. The wide tunability of AZO favors its employment in optical metamaterials, exhibiting large anisotropy, epsilon-near-zero regime and hyperbolic dispersion [11, 13] .
Optical metamaterials are artificially engineered composites of different components and designed optical properties beyond those available in nature [29, 30] . Metamaterials with hyperbolic dispersion or hyperbolic metamaterials (HMMs) are the class of electromagnetic subwavelength structures which can be described by a dielectric permittivity tensor ε with components of opposite signs (e.g. ε x = ε y > 0, ε z < 0) allowing the existence of hyperbolic isofrequency contours in the wavevector space [31] . Characteristically, hyperbolic metamaterials (HMMs) possess unusually high wavevectors, enlarged optical density of states, and extreme anisotropy, leading to wide variety of potential applications such as the broadband enhancement of spontaneous emission for a single photon source [32, 33] , sub-wavelength imaging [34] , sensing [35, 36] , thermal engineering [37, 38] and steering of optical signals [39] . One of the principal geometries that support hyperbolic behavior is the so-called wire medium, e.g. an anisotropic composite of metallic pillars incorporated in a dielectric host matrix.
The purpose of this work is to investigate physical and optical properties of AZO thin films and 2D arrays of vertically arranged nanostructures (pillars or tubes) in order to test the anisotropy achievable in pillars array. Fabrication of pillars was carried out in a combination of ALD with advanced deep reactive ion etching (DRIE). A similar technique has been implemented previously in the fabrication of photonic crystals made of TiO 2 [40] and more recent in the fabrication of high aspect ratio Al 2 O 3 and TiO 2 trenches [41] . The method is based on ALD deposition on Si structures with a sub-sequential removal of silicon. The use of ALD in combination with a sacrificial silicon mold is a novel way to create large-scale high aspect ratio metal oxides structures of exceptional quality. The success of this procedure is heavily dependent on the ability to etch silicon selectively without affecting the ALD coatings. Conventionally, silicon dry etching is based on SF 6 process gas. It has been shown that silicon can be removed selectively without any influence on the ALD deposited Al 2 O 3 and TiO 2 [40, 41] . This work demonstrates that ZnO-based coatings can also be patterned by the same procedure. The excellent selectivity is demonstrated in fabrication of 20 nm thin free-standing AZO tubes. Optical characterization by Fourier transform infrared spectroscopy (FTIR) shows that the fabricated pillar structures have positive effective permittivities in the wavelength range of 2 -20 µm. Moreover, the retrieved effective permittivities do not behave as predicted by the effective medium theory, indicating that AZO in nanopillars has different dielectric functions compared to the flat film and exhibit greatly reduced plasmonic properties.
Fabrication and characterization of AZO thin films
Prior to metamaterial fabrication, ALD growth conditions with different Al concentrations were investigated by growing 100 nm thick AZO thin films on flat silicon (100) substrates. For transmittance measurements, optical absorption and bandgap evaluation as well as electrical resistivity characterization, the AZO films were deposited on double side polished glass wafers (fused silica). Characterization of the AZO films was done by four-point probe resistance measurements, atomic force microscopy (AFM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and spectroscopic ellipsometry. All work was carried out in a class 100 cleanroom.
ALD growth conditions
Three temperature regimes were selected (150 °C, 200 °C and 250 °C) in order to cover most of the ZnO ALD temperature window [18, 42] . AZO with various Al:ZnO ratios was deposited in a thermal, hot-wall ALD system (Picosun R200) on flat silicon (100) and fused silica substrates. Precursors were obtained from Stream Chemicals. ZnO was deposited using diethylzinc (Zn (C 2 H 5 ) 2 , DEZ) and deionized water (H 2 O), whereas Al doping was introduced by a single cycle of trimethylaluminium (Al(CH 3 ) 3 , TMA) and H 2 O into the ZnO matrix made by "n" cycles of "DEZ+H 2 O". This notation defines an AZO macrocycle used in this work: "n" cycles of "DEZ+H 2 O" and 1 cycle of "TMA+ H 2 O". In this case, for example, "D10" corresponds to 9 cycles of DEZ + H 2 O and one cycle of TMA + H 2 O. AZO films were deposited with "n" between 4 and 34 with 5 cycles of intermediate steps. Table 1 summarizes the parameters of one ALD macrocycle. Each precursor is introduced into the reactor chamber twice with a very short purge time of 0.5 s in-between the pulses. After this two precursor exposures, the very long purge time of 20 s follows. Such an approach is suitable for passivation of very high aspect ratio structures where it is necessary to make sure that the precursor molecules diffuse and react with a complicated surface topology such as deep holes, trenches or pillars. Prolonged purge times secure that the excess precursor and the reaction by-product are not residing on a sample. The overall numbers of deposited macrocycles were chosen for certain temperatures so that the overall thickness of the deposited AZO layers is as close to 100 nm as possible. The thickness was measured by spectroscopic ellipsometry. A summary of the deposition conditions and the scheme of ALD of AZO layers are shown in Fig. 1 . Fig. 1(a) ). These values are in agreement with the previously reported results [42] . The thickness of an AZO film can be calculated using the following expression: T = N·(n·GPC ZnO + GPC Al2O3 ). Here, T is the measured thickness, N is the total number of deposited macrocycles and n is the number of DEZ + H 2 O cycles within one macrocycle. GPC ZnO and GPC Al2O3 are the deposition rates (growth-per-cycle) of ZnO and Al 2 O 3 , respectively. In many practical cases, however, the deposition rate of Al 2 O 3 can be assumed identical to the deposition rate of ZnO. In such scenario, the film thickness becomes T = N·D·GPC AZO where D = n + 1 according to the concept presented in Fig. 1(b) . This assumption is valid in the temperature region 200-250 °C, but in the case of 150 °C the difference in the growth rates between ZnO and Al 2 O 3 becomes significant and the GPC ratio of these oxides should be treated separately.
The more important discrepancy in deposition rate occurs when the thickness of the ZnO host becomes small as in the case of the D05 recipe for depositions with 150 °C and 200 °C, and D10 with 250 °C (Fig. 1(a) ). The difference here is so pronounced that it cannot be explained by a slower deposition rate of Al 2 O 3 . Several explanations have been proposed for the reason of this behavior. It could be related to hindering of the ZnO phase after TMA/H 2 O pulses [8] or the etching of ZnO by TMA [9] . Next section will reveal that this high Al-doped AZO films indeed contains more amorphous dielectric Al 2 O 3 rather than ZnO.
ALD Elemental analysis
X-ray Photoelectron Spectroscopy (XPS) chemical trace analysis (performed using an XPS system from Thermo Scientific equipped with monochromatic Al Kα X-rays) revealed a highquality chemical film with no observable impurities. Fig. 2(c) . Remarkably, the actual concentration of Al is significantly higher than the one predicted by simple estimation. With ideal ALD behavior, the Al concentration can be calculated using the simple expression: Al(%) = 100%·GPC Al2O3 / (GPC Al2O3 + n·GPC ZnO ). The straight dashed blue line in Fig. 2(d) shows the ideal case, while XPS measured Al concentrations are higher. These observations is confirmed by other experimental techniques such as energy dispersive X-ray spectroscopy (EDX) [5] and X-ray fluorescence (XRF) [8] . The proposed explanation is the inhibition of ZnO growth after the TMA + H 2 O cycle. An alternative explanation suggests that TMA exposure etches the underlying ZnO, causing the mass loss [9] . 
Morphology of deposited AZO layers
Surface morphology of deposited 100 nm ZnO/AZO thin films was analyzed by scanning electron microscopy (FE-SEM Supra 60VP from Zeiss) and atomic force microscopy (AFM, Icon PT from Bruker). SEM images ( Fig. 3(a) ) reveals polycrystalline nature of deposited thin films. AFM inspections ( Fig. 3(b) ) of deposited ZnO/AZO films D10-D35 at 250 °C reveal a surface roughness of approximately 2 nm RMS, which slightly decreases with increasing the Al content in the films. In the case of D10, the Al 2 O 3 phase dominates what results in a roughness below the acceptable detection value. The AZO films deposited at 250 °C tend to obtain a cylindrical morphology, which can be related to preferred (002) ZnO crystal orientation growth. Discussion follows in the next section. 
XRD measurements
The crystal orientations were studied by analyzing X-ray diffraction (XRD) patterns obtained with a Bruker D8 diffractometer equipped with a Göbbel mirror. θ -2θ scans were acquired in Bragg-Brentano geometry with a Cu Kα X-ray source. The instrumental broadening was taken into account by performing a LaB 6 powder standard scan. The obtained scans were additionally checked for the alignment by controlling the corresponding position of the Si(400) Kα 1 and Kβ peaks originating from the substrates.
XRD results are summarized in Fig. 4 . They revealed that the AZO films deposited at 250 °C are polycrystalline with preferential (002) orientation. Two main peaks were found: (002) and weak (101), all other orientations were not observed in the 2θ range between 20° and 72°. Figure 4 (a) shows ZnO/AZO XRD patterns at 250 °C.
At 150 °C growth temperatures (100) orientation was favored. Increase in the deposition temperature to 200 °C results in appearance of both (100) and (002) peaks. Finally, AZO films deposited at 250°C were strongly (002) orientated with minor (101) components (Fig.  4(a) ), while (100) orientation vanishes. The noisy part from quasi-forbidden Si(200) reflections [43] was removed from the scans.
The orientation peaks move to higher 2θ values with increasing Al concentrations in the films. When the concentration becomes too high (as in the case of the D15 and D10 recipes) films become amorphous (Fig. 4(a) ). Characterization of the crystal structure was conducted by fitting the Lorentzian functions through the (002) and (101) peaks (Fig. 4(b) ). According to the Bragg law:
The d interplanar spacing of the ZnO Wurtzite crystal structure is related to lattice parameters a and c by:
where h, k and l are the Miller indices. In this case, the (002) and (101) peaks were used to calculate lattice parameters. Figure  4 (c) shows that the a parameter does not undergo any significant changes, while constant c reduces from 5.20 Å (undoped ZnO) to 5.12 Å (D20) in an almost linear trend. Compression of the lattice constant c is due to replacement of larger Zn 2+ ions by smaller Al 3+ (ionic radii, 72 and 53 pm respectively).
The Lorentzian fit through the measured peaks allows estimation of corresponding grains sizes. The method is based on the Scherrer equation using either the full width at half maximum (FWHM) or integral breadth (area below the peak normalized by its height):
, where cos
Here, K is the Scherrer factor, λ is the wavelength of Cu Kα 1 radiation, θ is the Bragg angle and β INT is the instrument corrected integral breadth, where β observedINT and β instrumentalINT are the corresponding integral breadth broadenings of an observed peak and instrumental correction, respectively. The use of the integral breadth leads to a more accurate estimation of the grains size compared to the FWHM approach since it takes the Lorentzian tails of diffraction peak into account [44] . However, additional factors responsible for peak broadening, such as microstrains, requires more rigorous deconvolution analysis with the implementation of Pseudo-Voigt functions, which are weighted superpositions of Gaussian and Lorentzian contributions [44] . This goes above the scope of this research since it requires a more intense X-ray source and better-accrued statistics.
Estimated grain sizes are presented in Fig. 4(d) for all of the investigated temperatures. The grains with (002) orientations are 2-3 times smaller than the corresponding (100) oriented grains. It seems that for AZO films the (002) grains become larger with increasing of the Al concentration, until approximately 4 at. % of Al, and then the grains size decreases. The (101) oriented crystallites size was not calculated due to bigger uncertainties (smaller and noisier peaks in XRD spectrum). 
Electrical properties
A conventional four-point probe (Veeco FPP-5000) was used for resistivity measurements. Strong correlation between the resistivity, Al concentration, and grains sizes was found (see Fig. 5 ). Undoped ZnO 100 nm films have a resistivity of 8 mOhm·cm except ZnO grown at 250 °C. The high resistivity of this particular film is attributed to small pores in the film. The small pores around bigger ZnO clusters are visible in the SEM image in Fig. 3(a) .
For 100 nm thick AZO films the lowest resistivity of 1.3-1.4 mOhm·cm is achieved at the Al level around 4 at. %. In general, the resistivity of 150 °C prepared films is higher compared to 200 °C and 250 °C (see Fig. 5(a) ). Figure 5(b) shows the dependencies between the (002) and (100) grains size and resistivity. The general trend is that the larger the grains, the lower the resistivity. This is observed for both orientations, regardless of the growth temperature. Several reports [5, 6, 9] , suggest that the resistivity of AZO films strongly correlates with the degree of the pronunciation of the (002) orientation. This work does not provide a direct prove of this concept. Indeed, the AZO films were grown at 250 °C and without visible (100) orientation have the strong tendency of the resistivity reduction with an increase of (002) grains (Fig. 5(b) ). However, this tendency is common in all of the grown films with both orientations. 
Optical properties
The optical characterization of the AZO films was conducted using spectroscopic ellipsometry (Ellipsometer VASE from J.A. Woolam Co.). Figure 6 illustrates results for 100 nm AZO films grown at 250 °C. In spectroscopic ellipsometry, the parameters of amplitude component Ψ and phase difference Δ were measured over a certain wavelength range (in this case 210 -1690 nm), where Ψ and Δ are defined by:
where r p and r s are the reflection coefficients of p and s polarized light. The experimentally obtained values of Ψ and Δ were fitted using the Kramers-Kronig relations to obtain permittivity values. Figure 6 (a) illustrates the real and imaginary parts of the permittivity for ZnO and AZO films. It shows that the permittivity of AZO decreases rapidly with increasing the wavelength, while the permittivity of ZnO remains almost constant. Such results have been very recently discussed [45, 46] in the context of plasmonic applications of AZO films close to the epsilon-near-zero (ENZ) point. The wavelength of this zero-crossing corresponds to plasma frequency ω p . Observation of the negative permittivity of the AZO films is above the ellipsometer wavelength range, but extrapolation of the Kramers-Kronig functions can predict ω p values, with the highest value of 166.44 THz (1800 nm) correspondent to a D25 AZO film deposited at 250 °C. Screened plasma frequencies are shown in Table 2 . The coatings deposited at 150-200 °C temperatures have sufficiently lower ω p (not shown here). Figure 6 (b) displays the transmission spectra for 100 nm AZO films grown at 250 °C on fused silica. In this experiment, the ellipsometer was used in the transmission mode, where the moving arms of the source and detector were placed at 90° to the surface normal. In the visible range, all of the films exhibit an average optical transmittance greater than 90%. The spectrum shows a sharp absorption edge in the ultraviolet range, which shifts toward the shorter wavelengths (blue shift), as the concentration of Al in AZO samples increases. The absorption edge can be used to estimate an optical band gap of AZO thin films. Since ZnO is direct band semiconductor, it can reasonably be assumed that absorption coefficient α and the Tauc relationship [47] are given by:
These relations are plotted in Fig. 6 (c) and 6(d). The energy band gap ( ) g E can be obtained by plotting (αhν) 2 vs hν and linearly extrapolating the fit of the linear region to α = 0 as shown in Fig. 6 (e). As depicted in Fig. 6(e) , the higher the Al concentration in the film, the higher the optical bandgap is. It can be explained by the increase of the carrier concentration which is caused by Al-doping. This widening of the optical band gaps is generally attributed to the Burstein-Moss shift effect [48, 49] . 
Fabrication of AZO high aspect ratio pillars and tubes
Analysis of 100 nm AZO thin films reveals that AZO deposited at 250 °C has the lowest resistivity, highly preferential growth along the c axis with (002) crystal orientation and the most pronounced decrease in the permittivity with increasing the wavelength, compared to the films deposited at lower temperatures. It makes these films excellent candidates for plasmonic components in optical metamaterial structures. Among them, D25 AZO has the highest ω p . This recipe is selected for fabrication of AZO HMM, based on free-standing pillars. According to theory [31] , such metamaterial structures might possess hyperbolic dispersion of type I in the mid-IR optical range. Double side polished (DSP), 150 mm (100) Si wafers were selected for device fabrication. They were RCA cleaned and later oxidized in a conventional quartz tube (furnace from Tempress) using a dry oxidation process based on O 2 at 1100 °C, resulting in a 200 nm SiO 2 layer on Si. Next, a 2 µm amorphous Si layer was deposited on the SiO 2 surface using a conventional low-pressure chemical vapor deposition (LPCVD) process (furnace from Tempress) based on SiH 4 at 560 °C. This procedure enables the preparation of home-made silicon-on-insulator (SOI) substrates.
The main steps in the fabrication of pillars and tubes are shown in Fig. 7 . Initially, silicon holes were etched in SOI wafers by deep-UV lithography and DRIE (Fig. 7(a)-7(c) ). The holes were arranged in a square lattice with the pitch of 400 nm. The template was then filled with an ALD D25 AZO coating (Fig. 7(d) ) at 250 °C. The thickness of the deposited AZO depends on the desired output. An entire filling would result in the formation of pillars, while partial deposition leads to fabrication of hollow tubes. After removal of the top parts by Ar + ion sputtering (Fig. 7(e) ), the silicon core between the ALD coated holes was etched away during the last step. Figure 7(f) represents the final structures. Each process step was carefully analyzed using cross-sectional SEM imaging. 
Template preparation
Conventional deep-UV lithography (DUV stepper: Canon FPA-3000 EX4) was implemented for defining the hole patterns (dots in a square lattice, with a pitch of 400 nm) on 1 × 1 cm interference effects, the substrate surface was coated with a 65 nm thick BARC coating (DUV42S-6, Brewer Science, USA) followed by a bake-out at 175 °C for 60 s. A positive photoresist (KRF M230Y, JSR Micro, NV), was spin-coated to a thickness of 360 nm, baked at 130 °C for 90 s and exposed (exposure dose of 840 J/m2) on a patch with sizes of 1 × 1 cm 2 . Thereafter, DRIE was used to fabricate holes in the silicon with a depth of 2 μm.
DRIE etching
DRIE etching (DRIE Pegasus from SPTS) was performed in a switched Bosch process consisting of cyclic steps of etching and passivation. The processing temperature was kept at 0 °C and the process pressure at 10 mTorr. Three main steps were used for the Si template fabrication: etching of the BARC layer, high anisotropic silicon etching (Table 3 summarizes the Bosch process parameters) and resist removal. The BARC etch proceeds for 45 s using 40 sccm O 2 plasma with coil and platen powers of 400 W and 20 W, respectively. The depth of holes was controlled by adjusting the number of cycles (85 cycles correspond to 2 μm deep holes). The strict control of the etching depth is required on bare Si substrates though it is less important for SOI wafers with a SiO 2 stop layer. The last step in Si holes fabrication is the removal of the remaining resist, which was done using O 2 plasma for 2 min with an O 2 flow of 100 sccm. The coil and platen powers were 800 W and 20 W, respectively. The shape of the produced Si-holes template structures was carefully investigated by SEM in the crosssectional mode by sacrificing some of the prepared structures. The achieved diameter of the holes is slightly larger than 200 nm due to imperfections in the etching process, especially in the middle part of the cylinders. Prior to the next step (ALD deposition), the prepared template structure received additional O 2 /N 2 plasma treatment in order to remove any possible organic residuals from resist coatings and surroundings. 
ALD deposition
An AZO film has been deposited with the D25 recipe on a DRIE prepared Si template with holes at the temperature of 250 °C. Two ALD depositions with two thicknesses were made. The first one which allows the full pillars fabrication required deposition of a 100 nm D25 AZO film in order to fill the holes entirely. The second run was a deposition of only a 20 nm AZO D25 thin film in order to test and verify technology. This allows fabrication of thin, free-standing AZO cylinders. SEM cross-sectional inspections reveal homogenous and conformal coatings. Due to minor imperfections in Si etching processes, a small empty gap (with a radius about 25 nm) in the middle of the structures is created after ALD filling in the case of full pillars. The thickness of the ALD coating in full pillars case is around 100 nm, which with the empty gap in the center of the structures results in the pillars with approximately 250 nm diameter.
Ar + ion etching of deposited AZO and selective removal of the Si host
Pure physical Ar + ion sputtering (Ionfab 300 plus from Oxford Instruments) was implemented for removal of the deposited AZO top layer in order to get an access to the silicon core as illustrated in Fig. 7(e) . Here the process was tuned to the etch rate of 20 nm/min which provided well-controlled top layer breakthrough.
Removal of the silicon host is the last step in fabrication. Selective silicon etching (template removal) proceeded using continuous isotropic etch in a conventional reactive ion etching tool (RIE, from SPTS) based on a continuous SF 6 process at the substrate temperature of 20 °C. The SF 6 gas flow was kept constant at 35 sccm and the process pressure and coil power were 80 mTorr and 30 W, respectively. This process proceeds with extreme selectivity towards the deposited AZO layer without any observable harm brought on the AZO pillar structure. The proof of selectivity is demonstrated in the case of 20 nm thin AZO tubes. No imperfections or corrugations on the tubes were observed even though the ratio of thickness to height was extreme: 1:100 (20 nm to 2µm). Detailed electron microscopy characterization follows in the next section.
Structures characterization
The fabricated AZO D25 pillars were carefully investigated using SEM and transmission electron microscopy (TEM) characterizations. The tubes are thin enough to be electron transparent. This allows estimation of the grains size and comparison with the XRD measured values. It should be mentioned, that the grains sizes are expected to be dependent on the thickness of the deposited AZO layer. In this work, no other thicknesses than 100 nm were XRD investigated. However, it is expected that physical and optical properties of AZO are correlated with the layer thickness [12] . Figure 8 shows the fabricated structures standing on a 200 nm thick SiO 2 layer (Fig. 8(a) and 8(b) for pillars and tubes respectively). The samples were tilted by 30° inside the SEM chamber and the corner of each sample was visualized using a variable pressure secondary electron (VPSE) detector at 15 kV with a bias voltage of + 350 V and N 2 pressure of 20 Pa. The high magnification inset images of Fig. 8 were taken using an in-lens detector at 10 kV. Here the individual pillars/tubes shape is clearly seen.
SEM images

TEM characterization
The crystallographic profile and microstructural analysis of D25 AZO tubes were studied using TEM (monochromatic FEI Titan TEM). The experiment was conducted at 300 kV with a Cs image corrector (CETCOR unit from CEOS). The elemental mapping using energydispersive X-ray spectroscopy (EDX) was performed on selected AZO pillars using a probecorrected electron microscope (FEI Titan 80-200 ChemiSTEM) equipped with four symmetric SDD detectors. Figure 9 shows TEM results for pillars and tubes. A magnified image of the pillar top part is depicted in Fig. 9(a) . The selected area electron diffraction (SAED) reveals crystallographic information. Figure 9(b) shows the diffraction pattern which tells that the produced AZO film is polycrystalline with (002), (100) and (101) strongest orientations. Other minor ZnO orientations were observed too. The traces corresponding to (102), (110), (103), (112) etc. orientations were below the detection sensitivity of the XRD equipment.
Dark-field TEM images (Fig. 9 (c) and 9(d)) of the AZO tubes reveal the information of the crystal grains size. The full AZO pillars are too thick for transparency measurements, while 20 nm thin tubes are sufficiently thin for such purposes. The crystalline grains visible in Fig. 9 (c) and 9(d) have dimensions of approximately 10 nm, which correlates well with the size obtained by XRD. However, the AZO grains measured and depicted in Fig. 4 comes from 100 nm thick films and cannot be directly compared with the crystalline structure of the AZO tubes. Figure 9 (e) depicts a high angle annular dark-field (HAADF) imaging of an AZO pillar and EDX elemental mapping proving that ZnO was indeed doped homogeneously. 
AZO pillars FTIR characterization
In order to test the performance of the arrays of free-standing pillars as a metamaterial, AZO pillars were grown directly on DSP Si wafers without any SiO 2 stop-layer at the bottom. The entire fabrication procedure is as illustrated in Fig. 7 and the output was the same as previously described. Avoiding a SiO 2 stop layer excludes unnecessary complexity in optical characterization, but demands more careful fabrication conditions. The last step presented in Fig. 7(f) , requires strict control of the etching depth. Otherwise, the pillars would collapse in case of the overetch.
First, the permittivities of the individual dielectric (Si) and plasmonic (AZO) components need to be established.
Dielectric functions of individual Si and AZO thin film components
In order to determine the permittivity of a 100 nm thick D25 AZO film, the permittivity of the DSP silicon wafer on top of which the AZO film was deposited needs to be found. In this regard, the reflectance spectrum of the bare DSP Si wafer was calculated using the intensity transfer matrix method [50] and measured using FTIR (VERTEX 70 FTIR spectrometer from Bruker). The calculated reflectance spectrum was then fitted to the measured one using an algorithm based on the Levenberg-Marquardt method [51] , to find the permittivity of the Si substrate. Afterward, the same procedure was carried out for the AZO film on the DSP Si substrate, considering the airgap and the FTIR sample holder's aluminum mirror under the sample in calculations. The Drude-Lorentz model was used for fitting the dielectric function of the Si substrate and AZO thin film:
The Drude term contains ε ∞ , ω p and γ, which are the high-frequency dielectric constant, plasma frequency and electrons plasma damping, respectively. The Lorentzian part of dielectric function ε(ω) is represented by the summation in Eq. (7), where S j , ω f,j and Γ j are the strength, resonance frequency and damping for the j th Lorentzian oscillator, respectively. Figures 10(a) and 10(c) show the measured and the fitted reflectance spectra for the Si substrate and the AZO thin film, respectively. The dips at around 11 µm and 16.5 µm originate from the Si absorption, while the 9 µm and 13 µm dips correspond to absorption in native SiO 2 [52] . Five Lorentzian terms with ε ∞ from Eq. (7) were used in order to retrieve the permittivity of the Si substrate (fitted parameters are presented in Table 4 ), while only the Drude part was considered for the AZO thin film (Table 5) . Retrieved permittivities are shown in Fig. 10 (b) and 10(d) for Si and the AZO film, respectively. 
Dielectric functions of AZO pillars
The effective permittivities of two types of AZO pillar metamaterials, AZO pillars in air (Air/AZO) and AZO pillars in Si matrix (Si/AZO) were retrieved. Both pillar structures have the pitch of 400 nm, height of 2 µm, and diameter of AZO pillars 250 nm. The effective ordinary, ε o , and the effective extraordinary permittivities, ε e , correspond to the cases where the electric field is perpendicular and parallel to the pillars, respectively. The effective permittivities of the structure were retrieved from free-space FTIR reflection spectroscopy. Measurements were conducted for the wavelength range of λ = 1.428 -20.0 μm (7000 -500cm −1 ). The incident light is TE-polarized (the electric field in the plane of the top surface) with the incidence angle close to the normal (12°) for measurement of the ordinary permittivity. The extraordinary permittivity was characterized by applying the TM-polarized light (the magnetic field in the plane of the top surface) with the grazing incident angle of 76°, which provides electric fields almost parallel to the pillars. The angular variation (cone divergence angle) of the input beam is Δφ i = ± 1.7°. The fitting process was carried out for the pillar metamaterials considering the Drude-Lorentz model (Eq. (7). The Drude term together with two Lorentzians was considered for ε e of Si/AZO pillars and Air/AZO pillars. For ε o , four Lorentzians together with ε ∞ and two Lorentzians together with ε ∞ were implemented for Si/AZO and Air/AZO pillars, respectively. Figure 11 shows the measured and fitted reflectance spectra for the pillar metamaterials with the retrieved parameters of the dielectric functions given in Table 6 . Figure 12 shows the real and imaginary parts of the retrieved ordinary and extraordinary permittivities for both structures, as well as the calculated effective permittivities based on the effective medium approximation (EMA) theory [31] : ( ) ( ) ( ) ( ) measured wavelength range (the blue dashed lines in Fig. 12 (a) and 12(b) represent the experimentally observed extraordinary case). This astonishing discrepancy implies that AZO, once being confined in the nanopillar dimensions, becomes poor plasmonic material, and its permittivity significantly deviated from that of the flat film. Typically, the ALD grown AZO films permittivity strongly depends on its thickness due to the variations in the carrier concentration [12] and an AZO film becomes less plasmonic as the thickness becomes thinner [53] . In the same analogy, the AZO pillars permittivity may also be strongly dependent on its dimensions and/or shape. A similar influence of the shape on its optical properties was reported for titanium nitride (TiN), when it takes the gyroidal form [54] . Nevertheless, the fabricated AZO metamaterial shows the pronounced anisotropy, larger than any made of dielectric components [55] . 
Summary and conclusions
In summary, highly ordered AZO pillar structures were fabricated by means of ALD, DRIE and deep-UV lithography. The fabricated structures comprise AZO nanopillars with the diameter of 250 nm and height of 2 µm. Pillars are arranged in a square lattice with a pitch of 400 nm. The whole sample has dimensions of 1 × 1 cm 2 . These structural parameters can be readily adjusted by the mask used for deep-UV lithography and the subsequent process, providing more regularity in structures compared with those made by other fabrication methods [56] . The fabricated metamaterials exhibit optical properties quite different from what the effective medium theory predicts in the mid-IR optical range. Implemented technology is very flexible and robust for the realization of similar high aspect ratio nanostructures as it was demonstrated by fabricating 20 nm thin tubes. Plasmonic nature of AZO is strongly related to physical and optical properties of thin films and depends on deposition temperature and Al doping level. Furthermore, optical properties of AZO are highly dependent on the dimensions and confinement factors of the fabricated structures such as isolated pillars. The extraordinary component of measured permittivity ε e EMA never becomes negative for both Air/AZO and Si/AZO structures on any frequencies within the characterization range. This implies that the prepared pillars do not support the hyperbolic regime of type-I, although possessing the extremely anisotropic permittivity.
Funding
Villum Fonden (DarkSILD project No. 11116); Direktør Ib Henriksens Fond, Denmark.
